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Multifunctional  Metallosupramolecular  Materials 


1.  Introduction 

The  ability  to  exploit  non-covalent  interactions  for  the  self-assembly  of 
polymeric  aggregates,  i.e.  supramolecular  polymerization,  opens  the  door  to 
novel  materials  that  exhibit  a  range  of  unusual  mechanical  properties.  The  goal 
of  this  project  is  to  investigate  the  potential  of  one  distinct  class  of 
supramolecular  polymers  to  impact  two  distinct  areas  relevant  to  DoD 
applications,  namely  easy-to-process  materials  with  good  high-temperature 
stability  and  a  novel  class  of  photo-healable  plastics.  More  specifically,  we  are 
interested  in  metallo-supramolecular  polymers  that  consist  of  telechelic 
macromonomers  with  2,6-bis(T-methyl-benzimidazolyl)pyridine  (Mebip) 
ligands  attached  to  their  termini.  These  building  blocks  can  be  self-assembled 
with  a  variety  of  different  metal  ion  salts  (Figure  1).  The  core  of  the 
macromonomer  and  the  nature  of  metal  ion  salt  utilized  can  be  varied  to  tailor 
the  material’s  properties  to  meet  the  specific  needs  of  the  respective  application. 

For  the  processable  high  temperature  materials  the  high  thermally  stable  poly(p-xylylene)  (PPX)  is  used  as  the 
macromonomer  core,  while  for  the  photo-healable  plastics  a  low-Tg  hydrogenated  poly(butadiene)  (i.e.  poly(ethylene 
butylene)  was  selected  as  the  core  unit. 
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Figure  1.  Schematic  representation  of 
the  metallo-supramolecular  polymers 
investigated  in  this  study. 


2.  Results  aud  Discussiou 


2.1.  Easy-To-Process  Materials  with  Good  High-Temperature  Stability  (Paper  to  be  submitted) 

There  has  been  an  increasing  interest  in  the  use  of  metal-ligand  binding  as  the  thermodynamic  driving  force  for  the  self- 
assembly  of  ditopic  ligands  into  supramolecular  polymers.’  Previous  work  by  Knapton  et  al  demonstrated  that  the 
combination  of  metal-ligand  interactions  with  thermally  stable  building  blocks  can  yield  materials  which  are  easy  to 
process  and  offer  outstanding  mechanical  properties  over  a  wide  temperature  regime.^  The  previously  studied  materials 
system  was  composed  of  two  different  building  blocks  that  could  self- 
assemble  into  a  variety  of  polymeric  architectures  and  include  a  highly 
stable  polymer  backbone,  and  a  ligand  unit  that  allows  coordination  to  a 
variety  of  metal  centers. 

The  polymer  building  blocks  utilized  in  previous  studies  are  based  on 
poly(arylene  alkylene)  moieties,  which  offer  a  unique  combination  of 
outstanding  thermal  and  mechanical  properties  and  high  chemical 
stability.^  Poly(p-xylylene)  (PPX)'’  is  the  most  prominent  representative 
of  the  poly(arylene  alkylene)  family.  This  polymer  and  its  derivatives 
are  well-known  for  an  appealing  combination  of  high  thermal  stability, 
excellent  solvent  resistance,  high  degree  of  crystallinity,  low  dielectric 
permittivity,  and  outstanding  barrier  properties. In  addition,  PPX 
exhibits  excellent  mechanical  properties  with  a  Young’s  modulus  and  a 
tensile  strength  of  ca.  2.4  GPa  and  47  MPa,  respectively.^  Thus,  PPX  is 
an  attractive  material  for  many  applications,  including  packaging  of 
electronic  components,  medical  device  fabrication,  and  artifact 
conservation.^  Unfortunately,  broad  industrial  exploitation  of  PPX  has 
been  stifled  on  account  of  its  intractability.  Its  high  melting  temperature 
(424  °C,  which  overlaps  with  the  onset  of  thermal  degradation)  and 
poor  solubility  make  conventional  processing  protocols  virtually 
impossible.^’*  As  a  result,  the  only  practical  approach  for  the  synthesis 


and  processing  of  PPX  is  by  chemical  vapor  deposition  polymerization.^ 


Figure  2.  Schematic  representation  of  the 
metallo-supramolecular  polymerization  of  ditopic 
ligands  with  either  transition  or  lanthanide  metal 
ions. 
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This  part  of  the  project  describes  efforts  to  exploit  the  2,6-bis(r-methyl-benzimidazolyl)pyridine  (Mebip)  ligand  as  the 
metal  binding  unit,  in  conjunction  with  metal  ions  to  template  the  formation  of  metallo-supramolecular 
metallosupramolecular  PPX.  The  Mebip  ligand  is  easy  to  prepare  and  permits  access  to  wide  range  of  structural 
derivatives,'®  allowing  it  to  be  incorporated  into  the  desired  range  of  polymeric  structures.  In  addition,  Mebip  binds  to  a 
wide  range  of  transition  and  lanthanoid  metal  ions,  offering  extensive  tuneability  in  kinetic  and  thermodynamic  stability 
of  the  resulting  polymeric  architectures  (Figure  2). 

Previous  work  in  this  area  by  Knapton  et  al.  reported  that  the  metallo-supramolecular  polymerization  of  thermally  stable 
Mebip  end-capped  poly(arylene  alkylene)  macromonomers  did  not  produce  self-supporting  films  with  addition  of  either 
Zn(C104)2  or  Fe(C104)2.  However,  with  a  combination  of  La(C104)3,  which  acts  as  a  crosslinker,  and  Fe(C104)2 
mechanically  stable  films  were  produced.  The  mechanically  stable  films  were  easy  to  process  and  displayed  high  thermal 
stability,  with  good  mechanical  properties.  Expanding  on  this  previous  work,  further  experiments  were  conducted  to 
explore  the  both  the  effects  of  the  counterion  and  the  nature  of  the  crosslinker  in  order  to  increase  thermal  stability.  This 
Chapter  summarizes  our  recent  results  regarding  (1)  the  optimization  of  the  synthesis  and  purification  protocols  for  the 
Mebip-terminated  PPX  macromonomer,  (2)  the  properties  of  materials  prepared  from  the  latter,  (3)  the  influence  of  the 
nature  of  the  metal  ion  salt,  and  (4)  the  influence  of  a  tetravalent  Mebip  end-capped  crosslinking  agent. 

Synthesis  and  Characterization  of 
Macromonomer  1,  The  synthetic  protocol 
utilized  to  access  the  2,6-bis(r- 
methylbenzimidazoyl)  pyridine  end- 
capped  2,5-dialkoxy-p-xylylene 

macromonomer  (1)  involves  the  Hahn 
diimide  reduction  of  the  parent  conjugated 
2,5-dialkoxy-p-phenyleneethynylene  2, 
which  was  prepared  in  greater  than  90% 
yield  via  the  Sonogashira  coupling  reaction 
of  acetylenes  3,  5  and  aryl  diiodide  4.  As 
previously  reported  by  Knapton  et  al.,^  the 
purification  of  1  was  achieved  via 
precipitation  into  MeOH  and  washing  with 
boiling  MeOH,  EtOH,  CH3CN  and  room- 
temperature  MeOH  (Figure  3,  method  A) 
to  yield  the  desired  compound  1  in  70% 
yield.  Although  this  method  produced  1  in 
good  yield,  p-toluenesulfinic  acid 
remained  in  the  product  as  evidenced  by 
*H  NMR.  The  impurity  peak  at  2.32  ppm, 
originally  designated  as  toluene,  is 
characteristic  of  the  methyl  group  of  p- 
toluenesulfinic  acid  and  re-examination  of 
the  previously  published^  spectra  showed  it 
was  present  in  a  concentration  of  133 
mol%  (2.1%  w/w)  relative  to  the 
macromonomer  (Figure  4a).  To  overcome 
this  problem,  the  purification  procedure 
was  optimized  to  completely  remove  this 
reaction  byproduct.  The  new  purification 
method  involves  precipitation  in  EtOH 
(2x)  and  washing  with  boiling  MeOH,  EtOH,  CH3CN,  and  diethyl  ether  to  isolate  the  desired  compound  1  in  63  %  yield 
and  free  of  the  characteristic  p-toluenesulfinic  acid  peak  at  2.32  ppm  (Figure  3,  method  B,  Figure  4.1b). 
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Figure  3.  Synthesis  and  stmcture  of  the  conjugated  monomer  2,  its  reduction  to 
the  ditopic  macromonomer  1,  and  pictures  of  the  films  obtained  upon  solution 
casting  supramolecular  metallopolymers  of  1  with  equimolar  amounts  of  either 
Fe(C104)2  or  Zn(C104)2.  The  properties  of  the  resulting  films  depend  on  the 
procedure  used  to  purify  1. 
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We  determined  that 
monitoring  a  titration 
experiment,  involving 
the  addition  of  metal 
ions  into  the 
macromonomer,  with 
UV-Vis  spectroscopy 
is  the  most  accurate 
pathway  to  molecular 
weight  calculation  (or 
at  least  allows  a  more 
accurate  determination 
at  what  metal  ion 

content  all  the  ligands  Figure  4.  'H  NMR  of  macromonomer  1,  conducted  at  25  °C  in  CDCI3,  (a)  as  synthesized  by  method  A, 
are  complexed).  In  this  method  B. 

experiment  a  solution  of  1  (50  pM)  was  slowly  titrated  with  a  solution  of  Fe(C104)2  while  maintaining  a  constant 
concentration  of  1  (Figure  5).  As  the  metal  ion  was  added  to  the  macromonomer  the  absorption  spectrum  changes  from 
that  of  the  free  Mebip  ligand  to  that  of  the  Mebip:Fe^^  complex.  When  all  Mebip  ligands  are  complexed  with  Fe^^  the 
changes  of  the  absorbance  spectrum  level  off.  The  metal  ion  concentration  that  corresponds  to  the  leveling  off  of  the 
absorption  spectrum  can  then  be  used  to  back-calculate  the  molecular  weight  of  1.  This  method  has  been  determined  to 
obtain  a  more  accurate  molecular  weight  than  ’H  end-group  analysis. 


250  300  350  400  450  500  550  600  650 


Wavelength  (nm) 

Figure  5.  UV-Vis  absorption  spectra  acquired  upon 
titration  of  1  (50  pM)  with  Fe(C104)2.  Shown  are 
spectra  at  selected  Fe^^:l  ratios  ranging  from  0:1  to 
1.5:1.  The  insets  show  the  normalized  absorption  at 
350.5  nm  as  a  function  of  Fe^^:l  ratio. 


To  investigate  the  influence  of  the  purification  procedure  and  the 
molecular  weight  calculation  (the  latter  leading  to  a  better 
stoichiometric  ratio  of  metal  and  macromonomer)  on  the  mechanical 
properties  of  the  metallo-supramolecular  polymers  made  from  1,  thin 
films  were  prepared  by  solution  casting  1  with  one  molar  equivalent 
of  either  Fe(C104)2,  Zn(C104)2,  Zn(OTf)2,  or  Zn(NTf2)2 

(l-[Fe(C104)2li.o,  l-[Zn(C104)2li.o,  l-[Zn(OTf)2]i.o, 

!•  [Zn(NTf2)2]i.o),  in  addition  a  film  (l’[La(NTf2)3li.o)  was  prepared 
with  0.66  molar  equivalents  of  La(NTf2)3,  assuming  3  ligands  bound 
per  metal  ion.  Employment  of  the  new  purification  and  molecular 
weight  calculation  techniques  allowed  the  fabrication  of  metallo- 
supramolecular  polymer  films  from  different  metals  and  counterions 
with  appreciable  mechanical  (Figure  3).  This  represents  a  significant 
progress  compared  to  the  materials  produced  with  the  originally 
reported  method,^  which  in  the  case  of  Fe(C104)2,  resulted  only  a 
brittle  material.  It  appears  that  j3-toluenesulfmic  acid,  albeit  in  a 
small  weight  percentage  (2.1%  w/w),  acted  as  a  competitive  binder 
with  the  Mebip  ligand,  in  our  original  material,  which  in  combination 


with  a  less  accurate  molecular  weight  calculation  led  to  an  offset  of  the  metal/ligand  ratio,  concomitant  with  a  significant 


effect  on  the  mechanical  properties. 


Thermogravimetric  Analysis.  The  thermal  stability  of  1,  and  resulting  metallo-supramolecular  polymers 
l-[Fe(C104)2li.o,  l-[Zn(C104)2li.o,  l-[Zn(OTf)2li.«,  1- [Zn(NTf2)2li.«,  and  l-[La(NTf2)3lo.66  were  investigated  by 
thermogravimetric  analysis  (TGA)  (Figure  6).  It  was  found  that  the  neat  macromonomer,  1,  was  thermally  stable  up  ca. 
350  °C,  and  subsequently  degraded  with  90%  weight  loss  by  500  °C.  Metallo-supramolecular  polymers  l’[Zn(OTf)2]i.o, 
!•  [Zn(NTf2)2]i.o,  and  !•  [La(NTf2)3]o.66,  all  showed  similar  trends  with  an  onset  of  weight  loss  occurring  ca.  350  °C,  and  a 
single  weight  loss  peak  occurring  from  350-500  °C.  The  two  metallo-supramolecular  polymers  with  the  less  thermally 
stable  perchlorate  counterion  showed  degradation  at  lower  temperatures.  The  !•  [Fe(C104)2]i.o  fdm  exhibited  2.5  wt.%  loss 
at  ca.  190  °C,  while  the  !•  [Zn(C104)2]i.o  fdm  displayed  2.7  wt.%  loss  at  285  °C,  both  transitions  are  attributed  to  the 
degradation  of  the  perchlorate  counterion.  Both  l’[Fe(C104)2li.o  and  !•  [Zn(C104)2li.o  displayed  major  weight  loss  at  ca. 
350-500  °C,  similar  to  the  other  metallo-supramolecular  polymers. 
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Figure  6.  (a,b)  Thermogravimetric  analysis  (TGA)  trace  for  neat  macromonmer  1  (black), 
l-[Fe(C104)2li.o  (red),  l-[Zn(C104)2li.o  (green),  l-[Zn(OTi)2li.o  (blue),  l-[Zn(NTf2)2li.o  (magenta),  and 
l'[La(NTf2)3]o.66  (olive).  The  experiments  were  conducted  at  a  heating  rate  of  10  °C/min  under  N2. 
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Figure  7.  Differential  scanning  calorimetry  (DSC)  traces  of  neat  macromonomer  1 

(a)  and  l-[Zn(NTf2)2]i.o  (b).  Traces  from  first  heat  (solid),  first  cool  (dash),  and  second  heat 
(dot).  Experiments  were  conducted  under  N2  at  a  heating  rate  of  10  °C/min. 


Differential  Scanning  Calorimetry.  Thermal  transitions  for  the  neat  macromonomer  1,  and  the  resulting  metallo- 
supramolecular  polymers  !•  [Zn (€104)2]  1.0,  !•  [Zn(OTi)2]i.o,  1’ [Zn(NTf2)2li.o,  and  !•  [La(NTf2)3]o.66  were  investigated  by 
differential  scanning  calorimetry  (DSC).  The  neat  macromonomer  1  (Figure  7a)  displayed  a  glass  transition  temperature 
(Fg)  of  ca.  50  °C,  and  a 
reversible  endotherm  with  a  (a) 
maximum  at  164  °C.  All 

metallo-supramolecular  films  _ 
tested  displayed  similar  thermal 
transitions  with  Tg  occurring  at 
ca  50  °C  and  a  reversible 
endotherm  at  1 64  ±  4  °C  (Figure 
3.4b,  Figure  A3. 5).  The 
reversible  endotherm  displayed 
by  both  neat  1,  and  the  resulting 
metallo-supramolecular 
polymers  is  related  to  polymeric 
backbone,  and  it  ascribed  to 
either  the  melting  temperature 
(Fni)  of  the  polymeric  backbone 
or  the  Tin  alkyl  side  chains, 

which  have  shown  to  possess  polyethylene-type  ordering  in  the  parent 
poly(phenylene  ethynylene)s."  In  these  materials  the  counterion  did  not 
significantly  affect  the  temperature  at  which  these  transitions  occur  nor 
did  changing  from  the  Zn^^  system  to  La^^  system,  which  along  with  the 
DSC  data  of  the  macromonomer  1  suggests  that  these  thermal 
transitions  in  the  metallosupramolecular  polymer  originate  from  its 
macromonomer  core.  The  l-[Fe(C104)2li.o  film  was  not  tested  on 
account  of  the  lower  degradation  temperature  associated  with  this  film. 

Dynamic  Mechanical  Thermal  Analysis.  The  mechanical  properties 
of  l-[Fe(C104)2li.o,  l-[Zn(C104)2]i.o,  l-[Zn(OTf)2]i.o,  and 

l-[Zn(NTf2)2li.o  were  investigated  by  dynamic  mechanical  thermal 
analysis  (DMTA)  (Figure  8).  The  thin  films  were  heated  at  3  °C/min 
and  a  frequency  of  1  Flz  under  N2.  All  films  tested  showed  very  similar 
mechanical  properties  with  room  temperature  storage  moduli  of  440 
MPa,  650  MPa,  420  MPa,  and  470  MPa  respectively.  As  with  similar 
systems  a  continued  decrease  in  the  storage  modulus  is  observed  with 
increasing  temperature,  presumably  stemming,  in  part,  from  the 
dynamic  nature  of  the  ligand:metal  complex.  The  !•  [La(NTf2)3]o.66  film 
proved  to  be  more  brittle  than  the  films  based  on  either  Fe^^  or  Zn^^, 
and  could  not  be  characterized  by  DMTA  temperature  sweeps.  The 
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Figure  8.  Dynamic  mechanical  thermal 

analysis  (DMTA)  temperature  sweeps  of 
l-[Fe(C104)2]i.o  (red),  l-[Zn(C104)2]i.o  (green), 
l-[Zn(OTf)2]i.o  (blue),  and  l-[Zn(NTf2)2]i.o 
(magenta):  storage  modulus  (solid  line),  loss 
modulus  (dashed  line),  and  tan  d  (dotted  line). 
Experiments  were  eondueted  under  N2  at  a 
heating  rate  of  3  °C/min  and  a  frequeney  of  1  Flz. 


brittle  nature  of  the 
l-[La(NTf2)3lo.66  could 
stem  the  more  dynamic 
of  the  Mebip:La^^  bond, 
which  has  resulted  in 
weaker  materials  in 
previous  studies.'^ 

Synthesis  and 

Characterization  of 
Crosslinker  10.  In  order 
to  test  the  effect  of 
crosslinking  while 

excluding  the  weaker 
binding  lanthanide 

metals,  an  organic 
molecule  (8)  capable  of 
crosslinking  the  metallo- 
supramolecular  polymers 
was  synthesized.  Figure  9 
shows  the  general 
synthetic  route  to  access 
the  tetrafunctional 

crosslinking  molecule. 
The  reactions  involved 


Figure  9.  Synthesis  of  crosslinker  10. 


the  Sonogashira  coupling  of  the  alkyne  Mebip 
ligand  to  aromatic  halide  cores,  followed  by 
diimide  reduction.  Initial  attempts  to  carry  out  the 
reduction  using  literature  procedures,  namely 
toluene  sulfonyl  hydrazide  (TSH)  and  tripropyl 
amine  (TPA)  in  toluene,  yielded  only  mixtures  of 
partially  reduced  products.  As  discussed  above, 
this  reaction  works  well  with  electron-rich 
alkynes,  such  as  the  reduction  of  2  in  the 
synthesis  of  1.  It  was  hypothesized  that  the 
relative  electron  deficient,  and  therefore  less 
reactive,  nature  of  the  alkynes  in  the  crosslinker  9 
was  the  cause  of  the  incomplete  reactions  here. 
The  proposed  mechanism  for  this  reduction 
involves  the  TPA-catalyzed  thermal 
decomposition  of  TSH  to  generate  diimide 
(N2H2)  in  situ,  which  in  turn  hydrogenates  the 
triple  bond.  The  reduction  step  competes  with  the 
reaction  of  two  diimide  molecules  to  yield  N2  and 
hydrazine  (N2H4).  This  reaction  could  become 
dominant  if  the  decomposition  of  TSH  is  too  fast 
and/or  the  alkyne  is  of  low  reactivity.  Working 
with  the  hypothesis  that  this  is  the  case  for  the 
systems  at  hand,  a  series  of  model  reactions  was 
set-up  to  establish  conditions  which  would  allow 
one  to  extend  the  Hahn  reduction  method  to  the 
reduction  of  electron-deficient  alkynes.  The 
results  of  our  study  clearly  demonstrate  that  this 
is  possible  by  a  change  to  solvent  that  slows 
down  the  decomposition  process  of  TSH'^  (o- 
dichlorobenzene)  and  the  use  of  a  less  basic 
amine,  which  presumably  results  in  a  slower 
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Figure  10.  Effect  of  amine  used  on  the  yield  of  model  compound  11, 
with  relative  percents  of  11,  12,  and  13,  as  measured  by  *H  NMR 
integral  ratios  of  the  pyridine  proton  at  8.50,  8.48,  and  8.31  ppm 
respectively. 
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decomposition  rate  of  the  TSH  dramatically  increases  the  effectiveness  of  the  reduction.  Figure  10  shows  a  selection  of 
these  reactions  and  illustrates  the  importance  of  the  choice  of  amine.  Using  the  new  protocol,  which  appears  to  be  a 
broadly  applicable  and  an  important  extension  of  the  original  Flahn  reduction  method,  it  was  possible  to  synthesize 
crosslinker  10,  which  could  not  be  accessed  using  the  previous  reaction  conditions  (Figure  9). 

Dynamic  Mechanical  Thermal  Analysis  of  Crosslinked  Films. 

To  test  the  effects  that  10  has  on  the  mechanical  properties,  a  film 
composed  of  90  mol%  1  and  10  mol%  10,  was  prepared  with 
Zn(OTf)2  as  the  metal  component  ([lo.9lOo.i]’[Zn(OTf)2]i.o).  The 
mechanical  properties  of  the  thin  film  were  tested  by  DMTA  with  a 
heating  rate  of  3  °C/min  and  a  frequency  of  1  FIz  under  N2. 

Interestingly,  it  was  found  that  at  10  wt%  the  crosslinker,  10,  had 
little  effect  on  the  mechanical  properties  (Figure  11).  Unlike  other 
ditopic  systems,  based  on  low  Tg  macromonomers,'"^  the  mechanical 
properties  of  this  film  appear  to  be  based  primarily  on  the  crystalline 
nature  of  the  polymeric  core,  with  little  effect  from  metal  counter¬ 
ion,  or  crosslinking. 

Conclusions 

Improved  synthetic  methods  have  allowed  for  the  development  of 
metallo-supramolecular  films  based  on  poly(p-xylylene)  with 
varying  metals  and  counterions.  We  have  demonstrated  that  these 
metallosupramolecular  polymers  are  relatively  insensitive  to  type  of 
metal  ion  salt  used  to  assemble  these  materials  suggesting  that  the 
properties  are  primarily  based  on  the  macromonomer.  In  this  case 
the  dominant  factor  on  the  mechanical  properties  appears  to  be  the  crystallization  of  the  polymeric  core  or  alkyl  side 
chains.  Improvement  in  the  synthetic  protocols  for  the  Hahn  reduction  reaction  allowed  for  the  synthesis  of  an  organic 
crosslinking  molecule.  Addition  of  this  molecule  did  not  produce  any  significant  increase  in  the  stiffness  of  the  material, 
again  highlighting  that  the  mechanical  properties  of  the  material  are  governed  by  the  nature  of  the  polymeric  backbone. 


Figure  11.  Dynamic  mechanical  thermal 
analysis  (DMTA)  temperature  sweeps  of 
l-[Zn(OTf)2]i.o  (blue),  and  [lo.9lOo.il -[ZnlOTflj]  1.0 
(dark  blue):  storage  modulus  (solid  line),  loss 
modulus  (dashed  line),  and  tan  5  (dotted  line). 
Experiments  were  conducted  under  N2  at  a  heating 
rate  of  3  °C/min  and  a  frequency  of  1  Hz. 
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2,2.  Photo-healable  Metallo-supramolecular  Polymers 

The  healing  of  eraeks  in 
amorphous  polymers  by  heating 
above  the  glass  transition 
temperature  (Tg)  involves  the 
steps  of  surfaee  rearrangement 
and  approaeh,  wetting, 
diffusion,  and  re-entanglement 
of  polymer  chains.'^  The  latter 
two  steps  are  rate-limiting  and 
paramount  to  restoring  the 
material’s  original  meehanieal 
properties.  The  healing  of 
polymers  is  therefore  generally 
slow  and  ineffieient,  unless  the 
molecular  weight  can  be 
reduced  during  healing.  This 
problem  can  be  solved  with 
polymers  based  on  thermally 
reversible  covalent'®’’^  and  non- 
covalent  supramolecular 

motifs,'^  where  the  molecular 
weight  can  be  temporarily 
reduced  by  shifting  the  reaction 
equilibrium  to  lower  molecular 
weight  species^”  by  exposure  to 
heat.  This  reduces  the  viscosity 
of  the  material,  so  that  defects 
can  be  mended,  before  the 
equilibrium  is  shifted  back  and 
the  polymer  is  reformed.  Supramolecular  materials  that  phase-separate  into  physically  cross-linked  networks  (Figure  12a) 
should  be  especially  well-suited  for  this  purpose,  since  such  structures  are  generally  characterized  by  high  toughness.  At 
the  same  time,  the  supramolecular  motifs  can  disengage  in  the  solid-state  upon  exposure  to  heat  or  a  competitive  binding 
agent,  ’  resulting  in  disassembly  into  small  molecules  and  dramatic  viscosity  reductions..  Reporting  a  series  of  new 
supramolecular  materials  formed  by  metal-ligand  interactions,  we  demonstrate  here  that  this  architecture  is  an  excellent 
basis  for  elastomeric  materials  in  which  defects  can  be  quickly  and  efficiently  repaired.  We  show  that  the  use  of  light, 
which  was  recently  exploited  for  healing  of  thermoset  polymers  using  irreversible  chemistry,^'*  as  a  stimulus  for  the 
dissociation  of  supramolecular  motifs  has  distinct  advantages  over  thermally -healable  systems,  including  the  possibility  of 
limiting  the  healing  to  only  the  damaged  region. 

The  new  polymers  are  based  on  a  ditopic  macromonomer  (16)  comprised  of  a  poly  (ethylene-co-butylene)  core 
and  two  2,6-bis(r-methylbenzimidazolyl)pyridine  (Mebip)  ligands  at  the  termini  (Figure  12b).  This  macromonomer  was 
synthesized  via  a  Mitsunobu  reaction  of  2,6-bis(r-methylbenzimidazoyl)-4-hydroxypyridine  (14)  and  a  hydroxyl 
terminated  poly(ethylene-co-butylene)  (15,  number-average  molecular  weight,  Mn,  =  3500  g/mol).  The  hydrophobic, 
rubbery-amorphous  nature  of  the  latter  was  expected  to  cause  phase-separation  from  the  metal-ligand  binding  motif^^,  and 
Mebip  was  chosen  because  several  Mebip  metal  complexes  were  already  successfully  self-assembled  into  polymeric 
materials,^®’^’  and  its  optical  properties  appeared  appropriate  for  photo-induced  healing  (vide  infra).  To  probe  the  effect  of 
the  metal  ion  complex  on  the  healing  process,  16  was  polymerized  with  Zn(NTf2)2  and  La(NTf2)3.  La^^  ions  form  weaker, 
more  dynamic  3:1  complexes  with  the  Mebip  than  Zn  ,  which  binds  with  the  ligand  in  a  2:1  ratio.  ’  Bistriflimide  (NTf2' 
)  was  chosen  as  the  counter  ion  because  of  its  thermal  stability  and  non-coordinating  nature.  The  combination  of 
equimolar  amounts  of  Zn(NTf2)2  and  16  in  solution  resulted  in  a  rapid  viscosity  increase,  indicative  of  supramolecular 
assembly  (this  polymer  is  denoted  as  16’[Zn(NTf2)2li.o).  Solvent  evaporation  and  compression-moulding  resulted  in 
colourless  films  with  appreciable  mechanical  properties,  unlike  16,  which  is  a  waxy  solid.  Using  the  same  procedure, 
polymers  with  Zn^^:16  ratios  of  0.9-0. 7  were  also  made  (16‘  [Zn(NTf2)2]o.9, 16’  [Zn(NTf2)2lo.8,  and  16’  [Zn(NTf2)2lo.7)- 

Characterization  of  the  supramolecular  polymers  based  on  16  and  Zn(NTf2)2  using  small-angle  X-ray  scattering 
(SAXS)  and  transmission  electron  microscopy  (TEM),  carried  out  by  Rick  Beyer  and  Andrew  J.  Duncan  at  the  U.S.  Army 
Research  Laboratory,  Aberdeen  Proving  Ground,  Maryland,  revealed  microphase-separated  lamellar  morphologies  in 


161Zn(NTq)J„,,.,,„ 


Figure  12.  Photo-healable  metallo-supramolecular  polymers  proposed  mechauism  aud 
syuthesis.  a.  Schematic  representing  optical  healing  of  a  metallo-supramolecular  phase 
separated  network,  b.  Synthesis  of  macromonomer  16  from  14  and  15,  and  polymerization  by 
addition  of  Zn(NTf2)2. 
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which  the  metal-ligand  complexes  form  a 
“hard  phase”  that  physically  crosslinks 
“soft”  domains  formed  by  the 
poly(ethylene-co-butylene)  cores.  The 
SAXS  data  (Figure  13a)  show  multiple 
strong  Bragg  diffraction  maxima  at 
integer  multiples  of  the  scattering  vector 
of  the  primary  diffraction  peak  {2q  ,  3>q  , 
etc.),  characteristic  of  well-ordered 
layered  morphologies.  The  lamellar 
period  was  found  to  be  8.3  nm  for 
16-[Zn(NTf2)2li.«  and  to  increase  to  9.3 
nm  for  16’  [Zn(NTf2)2lo.7-  The  number  of 
strong  reflections  decreased  from  four  to 
two  as  the  Zn^^:16  ratio  decreased  from 
1.0  to  0.7,  indicating  a  significant 
degradation  of  long-range  order. 

Microscopy  confirmed  lamellar 
morphologies  for  all  compositions 
(Figure  1 3b)  and  the  general  reduction  of 
long  range  order  with  decreasing  metal 
content. 

The  thermal  properties  of  the 
polymers  based  on  16  and  Zn(NTf2)2 
were  probed  by  modulated  differential 
scanning  calorimetry.  The  MDSC  trace 
of  16  shows  reversible  transitions  at  -51 
and  47  °C,  which  by  way  of  comparison 
with  the  MDSC  traces  of  2  and  literature 
data^^  are  assigned  as  Tg  of  the 
poly(ethylene-co-butylene)  core  and 
melting  of  phase-separated  Mebip- 
domains.  The  MDSC  trace  of  16  further 
shows  an  irreversible  transition  at  193 
°C,  which  is  also  observed  in  15  and  may 
be  related  to  decomposition  of  a  minor 
amount  of  residual  double  bonds  in  the 
poly(ethylene-co-butylene)  core.  The  metallopolymers  16’[Zn(NTf2)2]x  exhibit  similar  traces,  but  do  not  show  melting  of 
uncomplexed  Mebip  domains.  Their  thermo-mechanical  properties  were  probed  by  dynamic  mechanical  thermal  analysis. 
DMTA  traces  reveal  the  Tg  of  the  poly(ethylene-co-butylene)  core  around  -23  °C.  A  weaker  transition  around  ~50  °C  is 
also  observed,  which  increases  in  magnitude  with  decreasing  Zn^^  content,  consistent  with  the  dissociation  of  domains  of 
uncomplexed  Mebip,  as  observable  in  the  MDSC  of  neat  16.  Below  this  transition,  the  polymers  display  storage  moduli 
between  60-53  MPa  with  little  dependence  on  the  Zn^^:16  ratio.  At  higher  temperatures  the  difference  is  more  pronounced 
as  polymers  with  lower  metal  content  exhibit  a  larger  drop  of  the  storage  modulus  upon  heating.  The  mechanical 
properties  of  the  materials  are  significantly  reduced  at  temperatures  above  100  °C,  indicative  of  depolymerization  at 
higher  temperatures.  Stress-strain  experiments  conducted  at  25  °C  show  a  pronounced  decrease  in  strength,  elongation  at 
break,  and  toughness  as  the  Zn^^:3  ratio  is  decreased  (Figure  14a,b).  Overall,  the  mechanical  data  are  consistent  with  the 
decrease  of  long  range  order  with  decreasing  metal  content  (Figure  13a,b),  and  also  reflect  the  molecular  weight  decrease 
resulting  from  offsetting  the  metal:  ligand  stoichiometry. 
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Figure  13.  Characterization  of  Zn-based  metallo-supramolecular  polymers,  a, 

SAXS  data  for  metallo-supramolecular  polymers  of  16  with  varying  amounts  of 
Zn(NTf2)2,  shifted  vertically  for  clarity,  b,  A  representative  TEM  micrograph 
showing  the  lamellar  morphology  of  16-[Zn(NTf2)2]i.o.  c.  Optical  healing  of 
16-[Zn(NTf2)2]o.  7  upon  exposure  to  light  in  the  wavelength  range  from  320-390 
nm  for  30  s  twice  at  an  intensity  of  950  mW/cm^.  d.  Optical  healing  of 
16-[Zn(NTf2)2lo.  7  while  under  load  ca.  ~8  kPa. 
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In  solution,  the  uncomplexed  Mebip 
ligand  in  16  displays  a  strong  absorbance 
band  with  maximum  at  313  nm.  Upon 
complexation  with  Zn(NTf2)2,  the  intensity 
of  this  transition  decreases  and  a  new 
absorbance  band  at  341  nm  appears.  A 
titration  series  exhibits  an  isosbestic  point 
around  328  nm,  reflecting  a  well-defined 
equilibrium  between  free  and  metal- 
coordinated  ligand.  The  absorption  spectra 
of  films  of  16  and  16‘  [Zn(NTf2)2lx  show 
similar  features.  Low-molecular  weight 
Mebip:Zn^^  complexes  fluoresce  weakly, 
suggesting  that  a  considerable  portion  of 
absorbed  light  is  converted  into  heat.  The 
optical  healing  pursued  here  is  based  on  the 
assumption  that  this  energy  could  be 
harnessed  to  dissociate  the  supramolecular 
motif  locally  and  disengage  the 
macromonomer  ends  from  the  hard  phase 
(Figure  12a),  which  in  turn  should  cause  a 
decrease  of  the  supramolecular  polymer’s 
molecular  weight  and  locally  liquefy  the 
materials.  To  test  this  hypothesis,  350-400 
pm  thick  films  of  the  metallo- 
supramolecular  polymers  based  on  16  and 
0.7- 1.0  equivalents  of  Zn(NTf2)2  were 
deliberately  damaged  by  applying  well- 
defined  cuts  with  a  depth  of  ca.  50-70%  of 
the  film  thickness.  These  samples  were 
subsequently  exposed  to  UV  irradiation 
with  a  wavelength  of  320-390  nm  and  an  intensity  of  950  mW/cm^.  Pictures  of  the  metallo-supramolecular  polymer  based 
on  16’[Zn(NTf2)2]o.7  suggest  that  under  these  conditions  two  consecutive  exposures  of  30  s  are  sufficient  to  completely 
heal  the  cut  without  degrading  the  sample  (Figure  13c),  while  materials  with  higher  metal  content  appeared  to  heal  less 
well  (vide  infra).  Slight  discoloration  of  the  samples  upon  exposure  to  light  was  observed  that  increased  with  time;  this 
may  indicate  some  photooxidative  stress,  which  is  not  surprising  given  the  intensity,  temperature,  and  presence  of  air  and 
the  possible  presence  of  residual  double  bonds  in  the  poly(ethylene-co-butylene)  core.  Figure  13e  shows  that  it  was 
readily  possible  to  heal  a  16-[Zn(NTf2)2lo.7  film  while  applying  a  stress  of  ca.  8  kPa,  by  exposing  only  the  damaged 
portion  to  the  light.  The  extinction  of  the  metallopolymers  is  ca.  890- cm’'  and  light-absorption  and  heat  generation 
therefore  occurs  at  the  surface  of  the  films.  The  surface  temperature  upon  UV  exposure  was  probed  with  an  IR-camera 
under  conditions  similar  to  those  used  for  healing.  Figure  2d  shows,  as  an  example,  how  the  temperature  of  a 
16-[Zn(NTf2)2lo.7  film  changed  with  time.  Within  30  s  the  surface  temperature  increased  to  over  220  °C,  a  slight  further 
increase  was  observed  for  extended  irradiation  times.  In  qualitative  experiments  it  was  confirmed  that  16’  [Zn(NTf2)2]o.7 
films  could  also  be  healed  if  upon  heating  to  above  ca.  190  °C,  which  supports  that  the  proposed  photo-thermal 
conversion  is  indeed  the  basis  for  healing.  Reference  experiments  in  which  16’ [Zn(NTf2)2lo.7  films  were  irradiated  with 
light  of  similar  intensity  but  a  wavelength  outside  the  absorption  of  the  metal-ligand  complex  showed  no  healing, 
confirming  that  the  process  is  indeed  due  to  metal-ligand  complex  absorption  and  not  infrared  heating. 

To  determine  the  healing  efficiency  of  16’[Zn(NTf2)2]x  in  a  quantitative  manner,  films  were  damaged  and  healed 
as  described  above.  Mechanical  tests  (stress-strain  experiments)  were  conducted  on  original,  damaged,  and  healed 
samples  and  the  healing  efficiency  was  expressed  using  toughness  (7)  as  the  figure  of  merit  according  to  Equation  1 : 

Healing  Efficiency  =  (rheaied)/(Toriginai)  x  1 00  ( 1 ) 

Figurel4  shows  that  the  strain  and  stress  at  break  of  a  16’  [Zn(NTf2)2lo.7  film  (and  hence  T,  which  is  determined 
by  the  area  under  the  stress-strain  curve)  is  significantly  reduced  upon  damaging  the  sample  by  a  cut  as  described  above. 
Gratifyingly,  the  original  properties  could  be  restored  upon  light  exposure.  Statistical  experiments  (Figure  14b,d)  show 
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Figure  14.  Mechanical  and  healing  properties  of  the  metallo- 
supramolecular  polymers,  a.  Stress-strain  curves  of  metallo-supramolecular 
polymers  of  16  and  varying  amounts  of  Zn(NTf2)2  or  La(NTf2)3.  h.  Toughness 
(7)  of  metallo-supramolecular  polymers  of  16  and  varying  amounts  of 
Zn(NTf2)2  or  La(NTf2)3.  c.  Stress-strain  curves  of  fdms  of  16-[Zn(NTf2)2]o.7; 
shown  are  data  for  original,  damaged,  and  healed  samples,  d.  Healing 
efficiency  of  films  of  16  and  varying  amounts  of  Zn(NTf2)2  or  La(NTf2)3. 
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that  toughness  of  the  healed  sample  set  is  eomparable  to  that  of  the  original  sample  set  and  statistieally  different  from  the 
toughness  of  the  damaged  sample  set.  The  healing  effieieney  for  this  eomposition  is  100  ±  36%.  Lower  healing 
effieieneies  of  25  ±  12%,  22  ±  8.6%,  and  18  ±  6.7%  were  observed  for  16’[Zn(NTf2)2lo.8,  16’ [Zn(NTf2)2]o.9,  and 
16’[Zn(NTf2)2li.o.  This  is  consistent  with  the  greatest  viscosity  reduction  in  case  of  16’ [Zn(NTf2)2lo.7,  on  account  of  the 
excess  of  free  ligands,  which  render  the  system  more  dynamic.  The  healing  efficiency  also  correlates  roughly  with 
morphological  long-range  order.  The  materials  having  the  best  long  range  order,  16’ [Zn(NTf2)2li.o  and  16‘ [Zn(NTf2)2]o.9, 
show  poor  healing  efficiency,  while  the  sample  with  the  most  disordered  regions,  16’[Zn(NTf2)2lo.7,  has  the  best  healing 
behavior.  The  excellent  optical  healability  of  16‘[Zn(NTf2)2]o.7  comes,  however,  at  the  expense  of  a  slightly  lower 
modulus  and  significantly  lower  stress  and  strain  at  break  in  comparison  to  16’  [Zn(NTf2)2li.o  (Figure  14a,b). 

As  La^^:Mebip  complexes  are  more 
labile  and  dissociate  at  lower  temperatures 
than  Zn^^:Mebip  complexes^’,  metallo- 
supramolecular  polymers  based  on  16  and 
either  1.0  or  0.9  equivalents  of  La(NTf2)3 
(16-[La(NTf2)3]i.o  and  16-[La(NTf2)3]o.9) 
were  also  studied.  Although  titration 
experiments  unequivocally  showed  that  the 
La:MeBip(NTf2)3  complexes  involve  1:3 
metal:  ligand  binding,  SAXS  and  TEM  data 
reveal  the  formation  of  a  predominantly 
lamellar-like  morphology  (Figure  15a,b)  with 
a  period  of  7.4  nm  (SAXS  data  for 
16-  [La(NTf2)3]i.o).  The  mechanical  properties 
of  these  La^^-containing  supramolecular 
polymers  are  similar  to  those  of 
16‘ [Zn(NTf2)2lo.9  (Figure  14),  but  their 
healing  efficiencies  of  104  ±  20%  and  73  ± 

21%  for  16-[La(NTf2)3]o.9  and 
16’[La(NTf2)3]i.o  (Figure  14b,d),  are  much 
better.  The  surface  temperature  of 
16-  [La(NTf2)3]o.9  during  healing  of  ca.  195  °C 
was  lower  than  that  of  16‘  [Zn(NTf2)2lo.7  and 
optical  microscopy  showed  qualitatively  that 
the  former  liquefied  more  readily,  consistent 
with  the  weaker  and  more  dynamic  binding. 

Thus,  16-[La(NTf2)3]o.9  appears  to  exhibit  the 
best  combination  of  initial  strength,  strain  to 
break  and  healing  efficiency.  It  appears  that 
this  propensity  is  directly  related  to  the  more 
dynamic  nature  of  the  La:MeBip  complexes  vis  a  vis  Zn:MeBip.  A  film  of  16’  [La(NTf2)3lo.9  was  repeatedly  damaged  and 
healed  (Figure  15c,d)  without  any  significant  decrease  of  healing  efficiency  between  cycles.  Atomic  force  microscopy 
was  used  to  probe  the  topology  of  a  16’[La(NTf2)3]i.o  film  around  a  defect  before  and  after  healing  (Figure  15e-g).  The 
images  show  that  the  cut  is  filled  and  disappears,  consistent  with  the  proposed  viscosity  decrease  upon  light  exposure. 

Our  systematic  investigation  of  several  strategically  chosen  compositions  and  in-depth  morphological  studies 
provide  a  first  insight  of  the  healing  process  in  metallo-supramolecular  polymers  presented  based  on  a  previously 
unexplored  combination  of  a  supramolecular  polymerization  motif  and  the  concept  of  light-heat  conversion.  The 
formation  of  lamellar  morphologies  in  which  a  hard  phase  formed  by  the  metal-ligand  complexes  physically  cross-links 
the  soft  domains  formed  by  the  poly(ethylene-co-butylene)  cores  is  the  main  determinant  for  the  thermo-mechanical 
characteristics  of  the  materials  studied.  The  data  suggest  that  the  dynamics  of  the  light-induced  depolymerization,  and 
thereby  the  healing  behavior,  are  governed  by  the  presence  of  an  excess  of  free  ligands  and  the  nature  of  the  metal-ligand 
bond.  The  concept  of  photo-thermal  induced  healing  of  supramolecular  materials  appears  to  be  applicable  to  any 
supramolecular  polymer  with  a  binding  motif  that  is  sufficiently  dynamic.  The  ability  to  change  the  chromophore  allows 
tailoring  the  wavelength  required  for  healing.  The  combination  of  the  new  approach  with  an  additional  mechanochromic 
response^’’^^  promises  access  to  true,  that  is  autonomously  functioning,  self-healing  materials,  in  which  light  is  only 
absorbed  at  defect  sites. 
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Figure  15.  Characterization  of  La-based  metallo-supramolecular 
polymers.  a,  SAXS  data  for  metallo-supramolecular  polymers  of 
16-[La(NTf2)3]i.o.  b,  A  representative  TEM  micrograph  shows  the  lamellar 
morphology  observed  in  16'[La(NTf2)3]i.o.  c.  Healing  efficiency  of  multiple 
healing  cycles  for  16-[La(NTf2)3]o.9.  d.  Optical  micrograph  of 
16-[La(NTf2)3]o.9  after  three  healing  cycles,  e-g,  AFM  images  of  a  damaged 
16-[La(NTf2)3]i.o  film  before  healing,  after  partially  healing,  and  after 
complete  healing,  respectively. 
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2.3.  Decoupling  Optical  Properties  in  Metallosupramolecular  Poly(p-phenylene  ethynylene)s 

In  connection  with  experiments  that  target 
better  phase  segregation  between  the  metal-ligand 
segment  and  the  polymer  building  block  (vide 
supra),  we  carried  out  the  investigation  of 
macromonomers  in  which  the  Mebip  is  separated 
from  the  rigid  core  through  a  flexible  spacer.  Thus 
a  ditopic  macromonomer  17  with  a  hexamethylene 
spacer  in  between  the  MeBip  ligand  and  PPE 
(Figure  16)  was  prepared  and 
metallosupramolecular  polymers  were  produced  through  self-assembly  with  Zn(C104)2.  The  resulting  materials  display 
appreciable  mechanical  properties  (in  fact  the  modulus  appears  to  be  significantly  increased  compared  to  the  reference 
material  without  spacer).  We  have  previously  shown  that  the  addition  of  Zn^^  or  Fe^^  ions  to  MeBip  endcapped 
poly(phenylene  ethynylene)  (PPE)  yields  conjugated  metallosupramolecular  polymers  with  unparalleled  mechanical 
properties.  However,  the  optical  and  electronic  properties  of  the  conjugated  core  were  significantly  influenced  upon  metal 
binding.  For  example,  the  fluorescence  of  the  PPE  core  was  quenched  and  the  resulting  films  showed  little-to-no 
fluorescence  as  a  result  of  energy  transfer  to  the  low-bandgap  Mebip-metal  moieties  and  nonradiative  energy  dissipation. 
Our  new  studies  on  metallopolymers  based  on  17  have  shown  that  the  optoelectronic  functionalities  of  the  semiconducting 
building  blocks  and  metal  ion  ‘chain-extenders’  can  be  effectively  de-coupled  by  the  ‘spacer-approach’. 

Supramolecular  Polymerization  of  Macromonomer  17  with  Zn^^  and  Fe^^.  The  formation  of  metallo¬ 
supramolecular  polymers  of  the  type  [17-MX2]„  is  readily  achieved  by  the  addition  of  metal  salts  dissolved  in  CH3CN  to  a 
CHCI3  solution  of  macromonomer  17.  We  employed  Zn^^  and  Fe^^,  with  the  intent  to  probe  the  influence  of  the  different 
electronic  characteristics  of  these  metals  on  the  resulting  metallopolymers  and  to  compare  them  with  previously 
investigated  materials.  ’  Zn  features  a  fully  occupied  d-orbital  (3d  )  and  is 
a  prototype  for  metals  that  show  hardly  any  tendency  for  metal-to-ligand 
charge  transfer  (MFCT)  with  imine-type  ligands.^"*  In  a  number  of  different 
systems,  we  previously  observed  that  the  optical  properties  of  phenylene 
ethynylene  chromophores  with  imine-ligands  display  significant  changes 
upon  complexation  to  Zn^^,  most  notably  a  significant  reduction  of  the  PE 
intensity  and  the  development  of  orange  luminescence.^’’^^  We  speculated  that 
these  changes  might  be  suppressed  by  the  introduction  of  a  spacer  between 
the  chromophore  and  the  ligand.  By  contrast,  Fe^^  is  well  known  to  form 
pronounced  MFCT  complexes  and  to  act  as  a  strong  fluorescence  quencher.^^ 

We  assumed  that  electronic  interactions  with  the  PPE  backbone  could  be 
substantially  reduced  through  the  spacer,  but  anticipated  PE  quenching 
through  Fdrster-type  energy  transfer  between  the  PPE  and  the  MFCT 
complex  (vide  infra). 

Optical  Properties  of  [17  Zn(C104)2l„  and  [17  Fe(C104)2]„.  With 
the  goals  of  attaining  further  insights  into  the  mechanism  of  the  metal- 
mediated  self-assembly  processes  of  17,  and  to  elucidate  the  effect  of  the 
spacer  between  Mebip  ligand  and  PPE  chromophore,  Zn(C104)2  (Figure  17) 
and  Fe(C104)2  (Figure  18)  were  titrated  into  solutions  of  17  and  the  resulting 
products  were  analyzed  by  means  of  UV-Vis  absorption  and  PE  spectroscopy. 

Figure  9a  reveals  that  the  absorption  arising  from  the  PPE  backbone  is  hardly 
changed  upon  addition  of  Zn^^.  However,  a  small  increase  of  the  absorption  in 
the  regime  of  330  -  360  nm  can  be  observed,  which  is  interpreted  with  the 
formation  of  Zn-Mebip  complexes. The  inset  of  Figure  17a,  which  displays 
the  absorption  at  345.5  nm  as  a  function  of  [Zn^^]  shows  that  this  transition 
intensifies  linearly  with  the  Zn^^  concentration.  The  molecular  weight  of  the 
sample  was  calculated  by  correlating  the  point  where  the  absorption  at  345.5 
levels  off  with  a  Zn^^:17  ratio  of  1:1.  This  behavior  is  evidence  for  the 
formation  of  a  metallo-supramolecular  complex  of  the  form  [17-Zn(C104)2],„ 
as  it  is  required  for  the  formation  of  the  supramolecular  polymer.  Figure  17b 
demonstrates  that,  by  contrast,  the  PE  emission  characteristics  of  17  remain 
virtually  unchanged  upon  addition  of  Zn^^;  the  spectral  features  remain 
identical  while  the  emission  intensity  experiences  only  a  minor  reduction. 
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Figure  17.  (a)  UV-vis  specta  acquired 
upon  titration  of  17  (3  pM)  in 

CH3CN/CHCI3  (1/9  v/v)  with  Zn(C104)2. 
The  inset  shows  the  absorption  at  345.5 
nm  as  a  function  of  Zn^^:17  ratio,  (b)  PL 
emision  specta  acquired  under  excitation 
at  40  nm  upon  titration  of  17  (3  pM)  in 
CH3CN/CHCI3,  (1/9  v/v)  with  Zn(C104)2. 
The  inset  shows  the  emission  absorption  at 
345.5  nm  as  a  function  ofZn^^:17  ratio. 
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This  behavior  is  in  marked  contrast  to  that  of  a  previously  investigated 
metallopolymer  of  an  otherwise  identical  structure,  but  without  the 
hexamethylene  spacers  between  the  PPE  core  and  the  Mebip  ligands.  In  that 
polymer,  the  luminescence  was  almost  completely  quenched  and  exhibited  a 
significant  bathochromic  shift,  as  a  result  of  strong  electronic  coupling 
between  the  PPE-based  core  and  the  Mebip-Zn^^  termini  and  efficient  energy 
migration  to  the  latter  sites. Thus,  the  hexamethylene  spacers  between  the 
conjugated  backbone  and  the  Mebip  groups  indeed  provide  efficient  “optical 
insulation”  and  de-couple  the  optical  properties  of  the  PPE  backbone  from 
the  Mebip-Zn^^  complexes,  which  now  merely  function  as  ‘chain  extenders’. 

The  addition  of  Fe^^  to  macromonomer  17  causes,  at  first  glance, 
similar  optical  changes  as  observed  for  the  addition  of  Zn^^.  As  in  the  case  of 
Zn^^,  the  absorption  spectrum  (Figure  18a)  shows  a  band  between  330  and 
375  nm  that  intensifies  linearly  with  the  Fe^^  concentration  and  levels  off  at  a 
Fe^^:17  ratio  of  1:1.  At  the  same  time,  a  weak  but  characteristic  metal-to- 
ligand  charge-transfer  absorption  band  centered  at  ca.  575  nm  can  be 
observed,  which  is  concomitant  with  the  formation  of  a  2:1  Mebip-Fe^^ 
complex,^’  and  indicative  of  a  supramolecular  polymer  of  the  structure 
[17-Fe(C104)2]„.  Also  in  this  case  the  features  of  the  PE  spectrum  (Figure 
18b)  remain  completely  unchanged  and  the  polymer  remains  highly 
luminescent  upon  introduction  of  Fe^^  -  unlike  virtually  all  other  previously 
investigated  supramolecular  materials  comprising  Fe^^.  However,  the 
emission  intensity  does  decrease  linearly  with  increasing  Fe^^  concentration 
to  level  off  at  ca.  52  %  of  its  original  value  at  a  ligand:metal  ratio  of  ca.  2:1. 
This  behavior  suggests  weak  Forster-type  energy  transfer  between  the  PPE 
core  and  the  Mebip-Fe^^  endgroups,  which  provide  pathways  for  non- 
radiative  exciton  decay.  It  appears  possible  to  further  minimize  the  effect  by 
extending  the  spacer  length  and  minimizing  the  overlap  integral  by 
appropriate  molecular  engineering. 

The  optical  properties  of  spin-coated  films  of  17  and  [17-Zn(C104)2]„ 
are  virtually  identical  (Figure  19),  indicating  that  also  in  the  solid  state  the 
optical  insulation  between  the  PPE  backbone  and  the  Mebip-Zn^^  complexes 
is  maintained.  The  spectra  show  rather  narrow,  well-resolved  emission  bands 
that  are  characteristic  for  disordered  samples  which  lack  significant  long- 
range  order  and  specific  intermolecular  interactions.  The  PF  spectrum 
broadens  somewhat  and  experiences  a  significant  bathochromic  shift  if  films  of  [17-Zn(C104)2]„  (Figure  19a)  are  produced 
by  solution-casting.  This  is  consistent  with  an  increased  degree  of  long-range  order  and  mirrors  the  findings  of  studies  in 
which  samples  of  neat  PPE  of  supramolecular  metallo-PPEs  were  either  processed  under  slow  solvent  evaporation  or 
annealed. 

In  order  to  explore  if  the  presence 
of  the  Mebip-Zn^^  complexes  impacts  the 
charge  transport,  we  prepared  single-layer 
light-emitting  diodes  (FEDs)  based  on 
[17-Fe(C104)2]„,  ITO,  and  Al,  and 
compared  the  response  of  the  devices  with 
that  of  a  single-layer  device  based  on  a 
polymer  corresponding  to  the  core 
employed  here,  i.e.,  a  PPE  featuring  n- 
octyloxy  and  2-ethylhexyloxy  side  chains 
in  an  alternating  pattern  (EHO-OPPE).^* 

The  I-V  curves  of  FEDs  based  on 
[17-Zn(C104)2]«  show  typical  rectifying 
behavior  (Figure  19b)  with  an  onset  voltage 
of  ca.  1.25  MV/cm)  and  a  maximum 
brightness  of  ca.  29  cd/m^  (similar  to  a 
comparable  EHO-OPPE  device).  The 
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Figure  19.  (a)  PL  emission  spectra  of  solid  state  samples  measured  as  a  solution 
cast  Zn^^:17  metallo-supramolecular  polymer  (dashed),  spun-cast  Zn^^:17 
metallo-supramolecular  polymer  (dash-dot),  spun-cast  neat  macromonomer  17 
(dotted),  and  as  a  spun-cast  metallo-supramolecular  polymer  Zn^^:17  LED 
(solid),  (b)  I-V  curves  of  LEDs  based  on  [17Zn(C104)2]„. 
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Figure  18.  (a)  UV-vis  specta  acquired 
upon  titration  of  17  (3  pM)  in 

CH3CN/CHCI3  (1/9  v/v)  with  Fe(C104)2. 
The  top  inset  shows  the  absorption  at 
345.5  nm  as  a  function  of  Fe^^:17  ratio, 
the  bottom  inset  is  a  70x  magnification 
showing  the  metal  centered  d-d 
transitions,  (b)  PL  emision  specta  acquired 
under  excitation  at  40  nm  upon  titration  of 
17  (3  pM)  in  CH3CN/CHCI3  (1/9  v/v) 
with  Fe(C104)2.  The  inset  shows  the 
emission  absorption  at  345.5  nm  as  a 
function  of  Fe^^:17  ratio. 
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devices  were  found  to  emit  yellow-green  light  (Figure  19b)  with 
an  emission  maximum  at  542  nm.  The  emission  spectra  that 
nicely  match  the  PL  spectra,  indicating  that  indeed  the  same 
excited  states  are  responsible  for  the  respective  emission 
processes.  These  devices  are,  of  course,  by  no  means  optimized 
but  the  comparative  experiment  nicely  demonstrates  that  the 
Mebip-Zn^^  complexes  hardly,  if  at  all,  influence  the  charge 
transport  in  these  LEDs. 

Mechanical  Properties  of  [17-Zn(C104)2]«. 

[17-Zn(C104)2]„  displayed  very  good  fdm-forming  characteristics 
and  objects  produced  from  this  polymer  displayed  appreciable 
mechanical  properties  (Figure  20)  -  quite  in  contrast  to  the  parent 
macromonomer,  which  is  rather  brittle  and  does  not  have  the 
ability  to  form  self-supporting  fdms.  Thus,  the  mechanical 
properties  of  [17-Zn(C104)2]„  were  investigated  in  detail  by 
means  of  dynamic  mechanical  thermoanalysis  (DMTA,  Figure 
20).  Experiments  were  conducted  in  a  temperature  range  of  -20 
to  90  “C,  i.e.  in  a  regime  in  which  both  the  PPE  core^^  and  the 
Mebip-Zn^^  complexes  are  thermally  stable.  The  loss  and  storage 
moduli  of  [TZn(C104)2]„  were  determined  to  be  ca.  860  and  ca.  62  MPa  at  -20  “C  and  ca.  560  and  ca.  57  MPa  at  25  “C 
respectively.  A  decrease  of  the  moduli  was  observed  over  the  experimental  temperature  range.  The  tanS  curve  suggest  a 
transition  above  approximately  50  °C,  which  in  view  of  the  striking  similarity  to  the  traces  of  a  high-molecular  poly(j3-2,5- 
dialkoxy  phenylene  ethynylene)  {M^  ~  83,000  g  mof’)^^  reported  before,  we  tentatively  assign  to  a  glass  transition. 
Interestingly,  the  room-temperature  moduli  are  much  higher  than  those  of  a  previously  investigated  metallopolymer  of  an 
otherwise  identical  structure,  but  without  the  hexamethylene  spacers  between  the  PPE  core  and  the  Mebip  ligands. 
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Figure  20.  Dynamic  mechanical  thermoanalysis 
(DMTA)  traces  of  Zn^^:17  metallo-supramolecular 
polymer.  Loss  modulus  (dash)  storage  modulus  (solid) 
and  tan  d  (dot).  Experiments  were  conducted  under  N2  at 
a  heating  rate  of  3  °C/min  and  a  frequency  of  1  Flz. 
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